Several studies have demonstrated that motor axons can discriminate between dorsally and ventrally derived muscles. In this paper we present evidence that (1) the pathway axons take in the limb constrain their access to either dorsally or ventrally derived muscles, and therefore (2) the axon's ability to discriminate between dorsal and ventral is expressed already at the level of pathway selection into the limb.
The developmental mechanisms underlying chick limb innervation can be inferred from experimental situations in which the normal spatial arrangements between motoneurons and targets are disrupted. The systematic behavior of motoneurons in various experimental situations provides clues as to the organizing principles which direct their projection.
In the previous paper (Whitelaw and Hollyday, 198313) we presented evidence suggesting that growth cues as- ' sociated with the limb plexuses influence the pattern of motor projection along the proximodistal axis. For example, motor axons associated with the crural plexus behaved as if they were constrained to choose among muscle targets in the first limb segment (i.e., the host thigh); they never grew farther d&al even when a second thigh was grafted at the level of the second limb segment. Only motor axons in the peroneal and tibial nerves from the sciatic plexus projected beyond the first limb segment. The systematic misinnervation of duplicated limb segments demonstrated that motor axons grew no farther distally in duplicated limbs than they do in normal limbs. Thus, the proximodistal position of a duplicated muscle was important in determining which subset of motor axons had access to it.
Despite the observed mismatch along the proximodistal axis, we found that when motor axons innervated a novel muscle, it was derived from the same precursor 1226 The Journal of Neuroscience Pathway Constraints in Dorsoventrally Rotated Hindlimbs 1227 muscle mass as their normal target; for example, if they would normally serve a dorsally derived muscle, their mismatched target would also be dorsally derived. This is the same result that was obtained in studies on supernumerary limbs (Hollyday et al., 1977; Hollyday, 1981; Lance-Jones and Landmesser, 1981b) . In both situations, the thigh/calf recognition could be overridden, but the motor axons still discriminated between dorsal and ventral muscles.
In the present study we examine the extent to which this apparent dorsal/ventral discrimination could be the consequence of the available pathways restricting access to a given subset of limb muscles. Alternatively, there could be intrinsic differences among dorsal and ventral muscle surfaces which are influential in attracting or permitting innervation from a given subset of motor axons.
A direct way of assessing dorsal/ventral discrimination, namely by dorsoventral rotations of the limb bud, has been reported by two different groups with opposite results. Ferguson (1978) reported that despite the rotation, motoneurons displayed their characteristic preference for dorsally or ventrally derived muscles. Medially lying motor pools, for example, innervated ventrally derived muscles, despite the latters' aberrant positions. Summerbell and Stirling (1981) ) on the other hand, found that most of the time, medially lying motoneurons aberrantly innervated dorsally derived muscles (which had been rotated into a ventral position). Laterally lying motoneurons innervated ventrally derived muscles. In a minority of cases, the normal innervation pattern was obtained (as in Ferguson, 1978) .
A relevant difference between the rotation experiments in which axons innervated their normal limb region and those in which they did not may well have been the proximodistal level of the rotation. The wing rotations done by Summerbell and Stirling (1981) were at the level of the shoulder or elbow. Unlike in Ferguson's (1978) experiments, the limb girdle was not consistently rotated in these operations (R. V. Stirling, personal communication). Consequently, in most embryos, the rotated tissue was distal to the point of plexus formation and axonal entry into the limb. Thus, motoneurons may have been comitted to aberrantly innervating the rotated tissue by virtue of having selected pathways leading to their appropriate muscle mass at the unrotated shoulder.
The findings of the two rotation studies can be reconciled if it is assumed that motoneurons are constrained to aberrantly innervate limb muscles if they enter the limb via their normal pathway and then encounter dorsoventrally rotated tissue. On the other hand, if they reach rotated tissue before they enter the limb, they can select their appropriate pathway into the limb and innervate their normal muscles. This hypothesis was tested in the present study by dorsoventral limb segment rotations at the level of the knee; i.e., distal to the point of nerve entry into the limb. At the time motor axons first grow into the limb, the dorsally destined and ventrally destined calf nerves are in the distal part of the thigh, spatially separated. A rotation at this level confronts each nerve with the opposite-from-normal set of muscles. In this manipulated situation, the relative importance of dorsal/ventral muscle recognition versus pathway cues can be assessed.
Materials and Methods
All operations were performed on White Leghorn chick embryos, staged according to the system of Hamburger and Hamilton (1951) . Surgery was performed prior to nerve ingrowth into the limb bud, as described previously (Whitelaw and Hollyday, 1983a) .
The dorsoventral rotation operations were performed on stage (St) 20 to 22 embryos. The distal half of the host's right leg bud was removed, leaving presumptive thigh precursor tissue intact. The distal tip of the limb bud from comparably staged donors was removed and fixed to the host's truncated leg. Both the dorsoventral and anteroposterior axes of the graft were reversed relative to the host's leg. A schematic representation of the operation is shown in Figure 1 . The resultant limbs consisted of either a normal host thigh connected to a rotated calf, or a partial host leg connected to rotated and duplicated graft segments. Surgery was performed on approximately 70 embryos.
Histological analysis.
Motor pools serving rotated and, in some cases, rotated and duplicated muscles were mapped in St 36-38 embryos using intramuscular injections of horseradish perixodase (HRP), as described previously (Whitelaw and Hollyday, 1983a) . Injections were made either in ouo or in organ culture. The experimental limbs were carefully reconstructed, as before, to identify the musculature, the peripheral innervation pattern, and, where appropriate, the HRP injection site.
Results

Characteristics
of St 36-38 rotated limbs. Dorsoventrally rotated limbs were characterized by their skeletal elements. All limbs used in this study consisted of a normal host thigh connected to a dorsoventrally rotated graft. The only limbs included were those in which the graft calf was rotated 150 to 180" relative to the host limb axes. Two such limbs stained for cartilage are shown in Figure 2 . The limb in Figure 2a consists of a dorsoventrally rotated calf and foot connected to a normal host thigh, but no leg segments are duplicated. Figure 2b shows a limb with both rotated and duplicated segments. The motor innervation results from these two types of limbs are presented in this order.
HRP injections of dorsoventrally rotated calves. HRP was injected into either dorsal or ventral muscles of the rotated calves. Injections into dorsal calf muscles of three embryos resulted in labeling of the medial cluster of motoneurons in all cases. Motoneurons in these positions normally serve ventral calf muscles. In contrast, ventral calf injections in six embryos consistently labeled cells in caudo-intermediate positions which normally serve dorsal calf muscles. An example of the labeling pattern following a ventral calf injection of such a limb is shown in Figure 3 . Nearly all of the label resides in the pools which normally serve the dorsal calf muscles, tibialis anterior and peroneus longus. The medially lying motor pools which normally serve the injected muscles are shown in shading on the control side of the spinal cord (from Hollyday, 1980). Very few or no labeled cells are seen in this region on the experimental side. The results from all nine dorsoventral calf rotations are summarized in Table I . The distribution of label is schematized on the grid as described previously (Whitelaw and Hollyday, 1983b) . The normal positions of motor pools serving the injected muscles are outlined with heavy lines. For both classes of injections, very few of the labeled cells are in these regions.
The average number of labeled cells resulting from injections of rotated calves (average for dorsal injections: 209 cells/case; average for ventral injections: 95 cells/ case) is somewhat less than the numbers obtained following comparably sized injections of unrotated second limb segments (see Whitelaw and Hollyday, 1983b) . Interestingly, the average number of labeled cells following dorsal injections is twice that found following ventral injections. This is opposite to the pattern found in normal embryos and is consistent with the fact that, normally, there are many more motoneurons in the medial cluster, which supplies ventral calf muscles, than there are in the intermediate pools, which supply dorsally derived calf muscles.
HRP injections of dorsoventrally rotated and duplicated segments. HRP injections were also made into two types of duplicated limbs in which either an entire hindlimb (thigh-calf-foot) was grafted in reversed dorsoventraI orientation onto a host thigh, or a calf and foot were rotated and grafted to the calf of the host.
The results of duplicated and rotated graft injections were in many respects similar to those presented in the previous paper (Whitelaw and Hollyday, 1983b) for injections of duplicated limb segments. In all embryos, when injections were made into grafted tissue in the position of the second limb segment, normal calf motor pools were labeled (six cases). Following injections of third limb segments, label was characteristically sparse and peripherally located in the medial cluster (three cases); cells in these positions normally supply intrinsic foot muscles. Injections of farther distal segments resulted in no label in the lateral motor column (LMC).
The one sense in which the results of duplicated reversals differed from those of serial duplications was that motor pools which normally innervated dorsal muscles projected instead to ventral muscles and vice versa. Data have already been presented above for dorsoventral mismatch among calf motor pools serving rotated second limb segments. The results of injections into rotated and duplicated second limb segments agree with these findings; i.e., medially lying motoneurons aberrantly innervated dorsally derived muscles and intermediately positioned motoneurons aberrantly innervated ventral muscles. Injections of duplicated and rotated third limb segments revealed a similar mismatch among foot motor pools as described below.
In all three cases in which successful injections were made of a duplicated and rotated calf in the position of the third segment, mismatch among presumptive foot motor pools resulted. An injection of the dorsal, distal calf mass resulted in label in the far medial periphery of the medial cluster, a region which normally serves ventral intrinsic foot muscles. Injections of ventral distal calf labeled peripheral-intermediate cells in the LMC in a region which normally serves dorsal foot muscles. The amount of label observed following these injections (average: 25 labeled cells/case) was comparable to that obtained following other injections of the third distal leg segment.
A sample reconstruction of a ventral distal calf injection is shown in Figure 4 . On the control side of the LMC, shading indicates the far medial region in which labeled cells are found following ventral injections of unrotated duplicated calves (from Whitelaw and Hollyday, 1983b, Fig. 4 ). The position of labeled cells on the experimental side in this rotated and duplicated case is on the opposite side of the medial cluster; i.e., on the lateral border.
Thus, the finding of dorsoventral mismatch in the innervation of rotated third limb segments is consistent with the similar finding in rotated second limb segments (i.e., simple calf rotations). The finding of labeled cells at Vol. 3, No. 6, June 1983 the peripheral border of the medial motoneuron cluster following injections of rotated third limb segments is consistent with what is found in unrotated third limb segments. The motor pool results of rotated and unrotated as well as duplicated and unduplicated limb injections are summarized for comparison in Table II . "I" and "M" denote, respectively, "intermediate"
and "medial" calf motor pool label; "P" indicates peripheral label, normally associated with foot motor pools. As Table II In these limbs, as in normal legs, the peroneal and tibial nerves diverged from one another near the distal end of the host thigh. In general, these two nerves were seen on opposite sides of the knee-like cartilage, which was the level of the dorsoventral rotation. This resulted in each nerve entering the opposite-from-normal set of muscles farther distally. The peroneal nerve, which normally innervates dorsal muscles, aberrantly served ventral muscles in these legs; the tibia1 nerve innervated dorsal muscles.
Although some dorsal and ventral muscles were innervated in all of the rotated calves examined, it did not appear that all of the muscles were innervated. In particular, some of the deep ventral muscles of the calf were often uninnervated and atrophied, and, in one case, despite the clear presence of the tibia1 nerve amidst dorsal calf muscles, most of them appeared extremely atrophic and no point of nerve entry into them could be found. All of the muscles in general were smaller than those in normal calves. Thus, the innervation of rotated calves could not properly be called a mirror image of the normal innervation pattern. The peroneal and tibia1 axons certainly did not go out of their way to find their normal targets, but neither did they seem to innervate all possible abnormal targets.
The innervation of muscles in rotated third limb segments was accomplished by characteristically small nerves. As in rotated second limb segments, branches of the peroneal nerve aberrantly innervated ventral muscles, while the tibia1 nerve served dorsal muscles. No nerve branches were evident beyond the third limb segment.
The limb reconstructions confirmed that the graft rotations were distal to the level at which the peroneal and tibia1 nerves diverged along different pathways. Evidently, once so committed to a pathway, the axons could not grow to their normal targets.
Discussion
Evidence for neuralpathway constraints. By virtue of its association with a nerve or neural pathway, a motor axon's choice of muscle targets can be limited to either dorsally or ventrally derived muscles. Such is the conclusion from dorsoventral graft rotations in which limb segments were rotated distal to the level at which the nerves selected either a dorsal or a ventral pathway through them. The result was that dorsally derived muscles were aberrantly innervated by medially lying motoneurons, and ventrally derived muscles were aberrantly innervated by laterally positioned motoneurons. The normally dorsally serving peroneal nerve innervated ventral calf muscles; the tibia1 nerve served the dorsal calf. In rotated and duplicated third limb segments, the motor pools serving the dorsal and ventral muscles were in positions opposite from where they were found in unrotated third limb segments (Whitelaw and Hollyday, 1983b) . These results imply a proximal commitment on the part of axons to pathways which restrict access to the subset of muscles derived from either dorsal or ventral muscle mass. Once a dorsally or ventrally destined pathway is selected, the motor axons innervate a dorsal or ventral muscle, respectively. There does not seem to be an opportunity for axons to change pathways (i.e., from dorsal to ventral) once so committed. Even in experimental situations where novel pathways have been described (Hollyday, 1981; Lance-Jones and Landmesser, 1981b) , they have been branches from dorsally or ventrally destined nerve trunks which remained in dorsally or ventrally derived muscles, respectively.
A consideration of pathway commitment suggests a relevant difference between the dorsoventral rotations reported here and those reported by Ferguson (1978) ; namely, the proximodistal level of the rotation. In the latter experiments, whole limb rotations were performed, including the hip girdle, and the result was normal motor pool organization (i.e., lateral pools innervated dorsal muscles; medial pools served ventral muscles). Assuming that these rotations were done proximal to the level at which axons were committed to certain pathways, then the axons could still select their normal pathways, despite the rotation, by whatever mechanism they normally use. On the other hand, when the rotation is distal to the level at which axons make their first pathway choice, they are evidently constrained to innervate the wrong set of muscles. This is the result not only in the present study, but also in the dorsoventral rotations reported by Summerbell and Stirling (1981) .
These results do not rule out the possibility that there are intrinsic dorsal/ventral differences between muscles and that axons normally "prefer" one type or the other. But they do indicate that dorsoventral recognition at the level of the muscles is not necessary to account for the selective mismatch which has been described in the innervation of duplicated (Whitelaw and Hollyday, 1983b) and supernumerary (Hollyday, 1981) limbs. The explanation for our findings seems to be that each motor axon, on the basis of the position of its cell body in the motor column, becomes associated with one of several nerves entering the limb. Anterior thigh muscles are served from the crural plexus; posterior thigh, calf, and foot muscles are innervated from the sciatic plexus. Emerging from each plexus are separate nerves which exclusively serve either dorsally or ventrally derived muscles. Thus when a motor axon becomes associated with one of these pathways, it is in effect selecting for dorsal or ventral targets. The decision as to which pathway a motor axon joins is definitely not random as the medial and lateral motor axons consistently sort out from one another the same way. The fact that this decision cannot be reversed later in the limb argues that selective factors involved in dorsal/ventral recognition operate at the level of the plexus. To determine whether there is in addition a dorsal/ventral recognition which operates at the level of interaction with the muscles themselves requires a different type of experimental situation; i.e., one which can reveal whether motor axons free of substrate guidance cues can distinguish between different muscles.
Comparison to other manipulated situations. While previous studies have not explicitly focused on the role of the limb tissue in restricting axonal access to various groups of muscles, there is precedence for the idea that the limb directs the branching of nerves within it. For example, when forelimbs are transplanted so that they receive lumbar motor innervation, the peripheral nerve patterns are clearly forelimb-like, not hindlimb-like (Harrison, 1907; Detwiler, 1936; Hollyday, 1981) . Moreover, supernumerary grafts have shown that both the type of plexus formed and the detailed pattern of nerve branching are determined by the type of limb and not by the segmental nerves (Morris, 1978; Hollyday, 1981) .
The role of neural pathways in limiting the choice of target muscles provides a consistent interpretation of the results of several previously reported manipulations of this system. For example, following deletions of the rostral spinal segments which normally form the crural plexus, the muscles it would have normally served remained uninnervated (Lance-Jones and Landmesser, 1980a). The fact that axons associated with the sciatic plexus did not expand into this foreign territory agrees with the hypothesis that when a motor axon is associated with a given nerve pathway, it only has access to a subset of muscles. If those same spinal segments were rotated rostrocaudally (instead of deleted), normal motor innervation resulted (Lance-Jones and Landmesser, 1980b) . In this rotated case, as in normal innervation, these segments formed a normal crural plexus and entered the anterior thigh via the normal pathways. The fact that normal innervation resulted is consistent with the idea that, once associated with the correct nerve pathway, a motor axon generally innervates its normal muscle. If, however, a long piece of spinal cord is rotated so that when motor axons reach the base of the limb, they are far from their normal plexus, then motor axons usually fail to innervate their normal targets (Lance-Jones and Landmesser, 1981b) . These results as well as those in supernumerary limbs indicate that pathway availability is important in restricting axonal access to subsets of limb muscles. Pathway availability can account for both normal and mismatched patterns of innervation, depending on the experimental situation.
Thus, the importance of pathway availability in organizing the projection of motor axons is demonstrated not only by the dorsoventral graft rotations, but in supernumerary limbs and in other manipulated situations as well. It would be an oversimplification, however, to suggest that pathway availability is the entire story. For example, in embryos with supernumerary or anteriorly shifted limbs or large spinal cord reversals, some muscles are innervated by means of an aberrant route (Hollyday, 1981; Lance-Jones and Landmesser, 1981b) . Moreover, in embryos with limb segment deletions, there is a selectivity in the innervation of the remaining segment which cannot be entirely explained by the presence or absence of pathways in the limb tissue. Thus, a combination of organizing principles is implicated in the development of Vol. 3, No. 6, June 1983 limb innervation (Hollyday and Grobstein, 1981) . The nature of such a synthesis is suggested by experimental situations in which different mechanisms apparently dominate. One possible synthesis drawing upon the results of this paper and the two preceding ones (Whitelaw and Hollyday, 1983a, b) is presented below.
Developmental mechanisms involved in chick limb innervation.
Several developmental mechanisms have been proposed as organizers of specific neuronal connections (Hollyday, et al., 1977; Stirling and Summerbell, 1977; Jacobson, 1978; Bennett et al., 1980; Landmesser, 1980; Lance-Jones and Landmesser, 1980b, 1981b) . They cover a spectrum with regard to the amount of information required to organize the projection. At one extreme are mechanisms which posit no intrinsic individuation among afferents and targets, but instead emphasize the organizing capacity of the timing or spatial arrangement of afferent arrival at target structures (Bunt et al., 1978; Bennett et al., 1980) . As discussed previously, such mechanisms cannot account for the selective innervation of thigh and calf muscles evident in partial deletion studies. Moreover, the full-limb dorsoventral rotation studies in which motoneurons innervate their normal targets (Ferguson, 1978) provide evidence for a dorsal/ventral selectivity at the level of the plexus. This selectivity cannot be accounted for by the serendipitous spatial arrangement or timing of axon arrival at the limb bud. Agerelated characteristics among the motor axons and the maintenance of their relative spatial relationships may well have some role in organizing the motor projection, but they are clearly not the only mechanisms responsible.
Similarly, a model of limb innervation based on target recognition cannot account for the motor projection (Hollyday, 1980) . Target recognition hypotheses posit chemical individuation among the afferents and targets which provide a basis for selective interactions between them. A simple hypothesis of this sort might posit a chemically specified nerve moving freely through the limb, sampling the chemically specified musculature until it found a "best match." Such a hypothesis would predict that motor pools would serve their normal muscles regardless of where those muscles occurred, or whether they occurred twice. This fails to describe the innervation of duplicated limbs (Whitelaw and Hollyday, 1983b) or dorsoventrahy rotated calves. In these manipulated situations, motor pools did not always innervate their normal targets. Rotated dorsal muscles were served by normally ventrally destined nerves; duplicated thighs were innervated by calf motoneurons; duplicated calves were served by presumptive foot motor pools, and many muscles were not innervated at all.
Thus, a simple target recognition hypothesis fails in its prediction of innervation in these and other manipulated situations. Its basic assumptions of individuated neurons and specific cues in the limb bud are likely to be true, as there is good evidence for selectivity in this system. But the other assumption of freely mobile nerves is almost certain to be wrong. Indeed, our studies provide good evidence that neural pathways constrain nerve access to a given subset of limb muscles. Selective interactions may well be involved, however, in the motor axons's decision as to which neural pathway to enter and at which muscle to exit.
In the case of proximal muscles, pathway selection may be manifest at the level of the individual motor pool (Lance-Jones and Landmesser, 1981a) . It seems unlikely, however, that pathway selection at the level of the plexus can entirely account for the normal pattern of limb innervation, especially for the projections to distal limb segments where axons destined for different targets follow common pathways. Additional pathway choices and developmental mechanisms are likely to be involved in patterning such projections.
In summary, the innervation of partial limbs demonstrates differential response on the part of motor axons to growth cues in the limb and suggests that competitive interactions may be important for determining which axons have access to a particular pathway. Limb segment duplications and rotations indicate that axonal growth can be influenced both by guidance cues at the point of pathway selection into the limb and by pathway opportunities and constraints located farther distally. The different experimental manipulations provide situations in which different organizing principles dominate the patterns of limb innervation. It seems likely that the projection pattern resulting in the case of normal development reflects the combined action of all of these influences.
From the results of the manipulations of the chick limb system one can formulate a possible interpretation of how the several mechanisms interact in the development of the motor projection. Early in development, before the axons have grown into the limb, the motor axons sort out at the plexus into several discrete nerves (Lance-Jones and Landmesser, 1981a) . It is plausible that age-or position-dependent properties of the motoneurons mediate this consistent segregation. As the axons enter the limb from the plexus, they select pathways leading to either dorsal or ventral muscle mass. Proximal growth cues involved in pathway recognition may also delimit the subset of muscles to which each group of axons has access, as well as influence growth along the proximodistal axis. Within each nerve, the motor projection is generally continuous (neighboring motoneuron clusters in the spinal cord innervate neighboring muscles in the limb). This map continuity may result from the tendency of axons from neighboring motoneurons to recognize each other along their growth pathway and hence to project accordingly. As the axons traverse the limb along a particular pathway, competitive interactions based on target recognition may further direct local organization among the axons growing along a common path.
